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Abstract
We report strong unidirectional anisotropy in bulk polycrystalline B20 FeGe measured by ferro-
magnetic resonance spectroscopy. Bulk and micron sized samples were produced and analytically
characterized. FeGe is a B20 compound with inherent Dzyaloshinskii-Moriya interaction. Lorenz
microscopy confirms a skyrmion lattice at 190 K in a magnetic field of 150 mT. Ferromagnetic
resonance was measured at 276 K± 1 K, near the Curie temperature. Two resonance modes were
observed, both exhibit a unidirectional anisotropy of K = 1153 J/m3 ± 10 J/m3 in the primary,
and K = 28 J/m3 ± 2 J/m3 in the secondary mode, previously unknown in bulk ferromagnets.
Additionally, about 25 standing spin wave modes are observed inside a micron sized FeGe wedge,
measured at room temperature (∼ 293 K). These modes also exhibit unidirectional anisotropy.
*Benjamin.Zingsem@uni-due.de
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INTRODUCTION
Non-centrosymmetric crystal structures, such as the B20 phase of FeGe [1, 2], can host
chiral spin textures like magnetic skyrmions [3, 4], which have been proposed as new struc-
tures for memory storage applications [5] at room temperature [6]. Dzyaloshinsky-Morya-
interaction (DMI) [7, 8] translates the lattice symmetry into a chiral symmetry break of the
magnetic interaction and influences the dynamic properties of the magnetic system. For
example, the spin wave dispersion becomes non-reciprocal [9], as experimentally confirmed
by Brillouin spectroscopy [10]. The B20 phase of FeGe has an inherent broken inversion
symmetry, which is a necessary condition for the occurrence of DMI. The magnetic proper-
ties of FeGe were studied using the Mo¨ssbauer effect [11], vibration sample magnetometer
[12] and magnetic susceptibility measurements [13] making FeGe a magnetically well ob-
served material, when it comes to macroscopic sample sizes. It is well known, that, in the
Heisenberg model of direct nearest neighbour interactions dynamic excitations, called spin
waves (magnons), have a dispersion relation proportional to the wave vector k squared. Any
antisymmetric contribution to spin-spin interactions, which can occur, when the magnetic
material carrying the waves has a broken space inversion symmetry (parity), is described by
DMI and results in an additional term in the dispersion relation (eq. 1) proportional to k
[9].
ω ∼ J · k2 + d · k (1)
where J is the exchange constant and d is the chiral energy. This results in a dispersion
relation which is shifted with regards to the gamma point, as schematically shown in fig.
1. Spin waves, which propagate in opposite directions at the same frequency have different
wavelength. It is demonstrated in [14], that this leads to complex standing waves with a
moving phase front, and allows to detect modes, which would cancel and not be detectable
in conventional FMR.
We measured the magneto dynamic properties of a millimeter-sized disk shaped and a
micron-sized wedge shaped sample of B20 FeGe using ferromagnetic Resonance (FMR) [15,
16]. Measurements using FMR were performed on cubic FeGe before [17–20], but only with
sample diameters in dimensions of millimetres, which we compare to our FMR results. The
magneto-dynamic behavior behind FMR can be understood through the Landau-Lifshitz-
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FIG. 1. Scheme for the dispersion relation of exchange coupled spin waves without (a) and with
(b) DMI. Additionally, the different contributions for standing spin waves in a confined geometry
with dimensions of 2a are depicted, leading to nontrivial standing waves, when DMI is involved.
Gilbert equation (LLG) [21, 22]. In [23] Zingsem et al. derived an analytic solution to the
high frequency susceptibility tensor, which we used to determine material constants for B20
FeGe from our FMR measurements.
SAMPLE PREPARATION
Stoichiometric FeGe was melted three times, using induction heating, to guarantee ho-
mogeneity. Cylinders were formed and a high pressure high temperature synthesis inside
a Kawai-type [24] Multianvil Apparatus with Walker-type [25] module was applied. This
resulted in 95 % polycrystalline B20 FeGe, confirmed by X-ray diffraction. A maximum of 5
% of the sample material could consist of secondary phase Iron Germanium (FeGe2). EDX
measurements also reveal local composition variations with accumulation of iron (Fe:Ge
55:45). Further investigations with Lorentz microscopy show the formation of helixes and
skyrmions (fig. 2 (b)) at their respective states in the magnetic phase diagram of FeGe
[26]. Micron sized samples (figure 2 (a)) with wedge shaped geometries were cut using a Fo-
cused Ion Beam (FIB FEI Helios nanolab 600) and placed inside an R-Type microresonator
[27–29], using standard lift-off FIB (Omniprobe manipulator with Pt gas insertion system)
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FIG. 2. (a) Scanning electron micrograph of the specimen inside an R-Type microresonator. A
schematic representation of the geometry and the magnetic field directions during the experiment
are depicted. (Dimension of the sample: a = 11.3 µm ± 0.1 µm, b = 10.9 µm ± 0.1 µm, c =
5.9 µm ± 0.1 µm, d = 5.0 µm ± 0.1 µm, e = 0.9 µm ± 0.1 µm, f = 1.6 µm ± 0.1 µm). (b)
Lorentz microscopy image of an FeGe lamella from the original sample at 190 K and 150 mT. EDX
confirmed 50:50 Fe:Ge for this part of the sample. The image shows an ordered skyrmion lattice
with grain dependent inversion of chirality (black and white dots).
technique. During the lift-off process with electron-beam-induced deposition (EBID) [30] a
thin carbon coating with up to 100 nm and up to 15 % platinum contaminations [31] could
not be avoided. Furthermore, the lift-off process used Gallium as cutting ions and resulted
in a localized deposition of a maximum of 2.6 % of Ga (as verified by EDX).
EXPERIMENTAL
Angular dependent FMR was used in the vicinity of the known phase transition tem-
perature of FeGe to study the magneto dynamic properties at a fixed x-band microwave
frequency, while sweeping an external magnetic field from 800 mT to 0 mT.
The bulk sample is a polycrystalline, nearly disc shaped piece of FeGe with a diameter of
3.78 mm and a thickness of 0.78 mm. With the value of the grid parameter of FeGe from
[1] and taking into account 4 Fe and 4 Ge atoms per unit cell [32] we can calculate that
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FIG. 3. (a) Angular dependent out-of-plane (differentiated) FMR spectra as amplitude contour
plot at 276 K ± 1 K and fMicrowave = 9.517 GHz ± 0.006 GHz. The red and blue line display the
respective angular dependent resonance field positions. The g-factors gblue = 2.33 and gred = 2.07
were obtained as explained in the text. (b) shows the spectra of the same FMR measurement at
θ = 0◦ and θ = 180◦.
the magnetic moment of the sample (8.75 mm3) is about 3.6 · 1020 µB, assuming the atomic
moments µFe = 1.16 µB/atom and µGe = −0.086 µB/atom given in [33].
Figure 3 (a) represents an angular dependent FMR spectra shown as amplitude contour
plot at a temperature of 276 K ± 1 K and microwave frequency of 9.517 GHz ± 0.006
GHz. At an angle of 0◦ the surface of the FeGe disc is orientated perpendicular to the static
6
TABLE I. Unidirectional anisotropy K1, magnetisation M and g-factor for both resonance lines
at T = 276 K ± 1 K and fMicrowave = 9.517 GHz ± 0.006 GHz from fig. 3 obtained through a fit
using eq. 2 as a model for the free energy density.
Line K1 M g
Blue 28 J
m3
41470 Am 2.33
Red 1153 J
m3
80302 Am 2.07
external magnetic field (out-of plane orientation). Resonance lines in the FMR spectra are
identified by a successive local maximum and minimum amplitude or vice versa, dependent
on the magnetic field (fig. 3 (b)). We observe two resonances with the topmost up to an
external field of 400 mT, which is in good agreement to previous FeGe FMR investigations
[17] of an FeGe disc with a diameter of 0.7 mm and a thickness of 0.07 mm. The contour plot
in fig. 3 (a) shows two angular dependent resonances, depicted in detail for the out-of-plane
orientations in fig. 3 (b). Referring to the magnetic phase diagram of FeGe, e. g. [26], we
assume that the resonances at 276 K appear in the ferromagnetic phase. Both resonance lines
exhibit a unidirectional anisotropy, i.e. change their position, when the external magnetic
field is inverted. For the analysis we assume a model of a unidirectional free energy density
F, see eq. 2, where K1 is a parameter, which scales the unidirectional anisotropy.
F = −K1 · cos (θ)− µ0
2
· ~M ·N · ~M − ~M · ~B (2)
The demagnetisation tensor N (Nzz = 0.727) was deduced, using the demagnetisation
tensor of a cylinder as described in [34]. Due to the polycrystallinity of the sample, no
further magnetocrystalline anisotropy is assumed. θ is the out-of-plane angle of the mag-
netisation M and B the external magnetic field. Additionally, the magnetisation M and
the g-factor are considered as fit parameters. Analysing the resonance lines with this model
leads to a set of parameters shown in tab. I. The g-factor g = 2.07 of the red resonance
line in fig. 3 (a) is the g-factor known for B20 FeGe [18]. The magnetization matches the
magnetization measured by a vibrating sample magnetometer at 281 K. We suggest the
difference in temperature is due to heating processes by the microwave field in the FMR
measurement. It can be assumed, that this is the uniform mode of cubic FeGe.
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FIG. 4. A false color contour plot of the FMR signal amplitude of the micron sized wedge shaped
sample as a function of applied magnetic field for different orientations of the magnetic field between
-93◦ and 99◦ (compare fig. 2 (a)) at 9.134 GHz ± 0.006 GHz. The scale bar is depicted on the left.
Figure 4 shows the angular dependent FMR spectra (∼ 293 K, fMicrowave: 9.134 GHz
± 0.006 GHz) of the wedge shaped FeGe sample (fig. 2 (a)) as a false color contour plot.
Multiple resonances are visible in the spectra, which exhibit anisotropic behavior. When
tracing the resonance lines in fig. 4 along the angle, the magnetic field of these resonances
rises originating from 0◦, contrary to the expected shape anisotropy, when considering the
geometry of the sample. The frequency of the resonance lines, which are spin wave modes, is
determined by the sample geometry. Around 90◦ and -90◦, are surprisingly many resonances.
The nonreciprocity of spin waves inside a chiral magnet could influence the resonance lines
at opposite field directions, which we investigated through a bidirectional measurement.
This is depicted in fig. 5, where spectra with the same (fig. 5 (a)) and opposite (fig. 5
(b)) magnetic field direction are shown. First fig. 5 (a) demonstrates the reproducibility
of our field sweep and other microwave settings and fig. 5 (c) shows the noise floor of our
spectrometer in a field region where the weak resonances between 300 mT and 900 mT are
not observed. Since these resonances partially overlap a detailed analysis of the resonance
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FIG. 5. Analysis of the bidirectional FMR measurements (T∼293 K) at 81◦ and 3.587 GHz ±
0.006 GHz, of the specimen shown in fig. 2 (a). (a) and (b) comparison between two different
FMR measurements, the former with the same magnetic field direction, the latter at opposite field
directions. (c) noise floor of the measurement in a magnetic field region without resonances.
positions is not possible. Two measurements with the same magnetic field direction show
the same resonance spectra. The only difference between these spectra is in the underlying
noise, which doesnt change characteristic plot elements like peak positions. On the other
hand, two measurements with opposite magnetic field differ strongly from one another.
Hence, we find a unidirectional anisotropy. Since the magnetic field was inverted and the
specimen remained at the exact position, a slightly rotated magnetic field can be precluded
as explanation.
CONCLUSION
The measurements of the bulk sample match FMR spectra earlier presented in the liter-
ature. However, the unidirectional anisotropy within these lines was not mentioned before.
The large number of spin waves, like seen in fig. 5, might be higher order exchange or dipolar
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coupled spin waves. But in our sample the number of spin wave modes is too big, and the
mode intensity distribution is different. The spin waves are detected only for sample sizes
with micrometer dimensions. We assume that these resonances arise due to geometrical
confinement of the modes in our specimen (fig. 2). Consequently, the inclined surface of
our wedge results in different geometrical boundary conditions at the same time. With our
conventional FMR we cannot resolve the location of the excited modes. The unidirectional
anisotropy (fig. 3 and fig. 5), as a first time observation has neither been predicted nor is
it easily explainable in the standard model of DMI, as the magnetic field direction imposes
no difference to the uniform mode or the contributions of a standing spin wave. Possible
explanations, like noise, deviation of the microwave frequency and dependence on the field
sweep direction were eliminated using repeated measurements with partly changed condi-
tions. The magnitude of the unidirectional anisotropy of both bulk resonance lines (fig. 3)
was determined through a fit of the free energy density and can be seen in tab. I.
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